Background: Sonoelastography (SE) is a new ultrasound-based method adopted in an increased number of scientific reports to analyse normal and pathological tendons. The aim of this study is to provide a systematic overview of clinical applications of SE in normal and pathological tendons. Methods: A systematic research of PubMed, Ovid, and Cochrane Library electronic databases was performed according to PRISMA guideline. Two Authors searched and evaluated the articles independently; a third Author was involved to solve any disagreement. The Oxford Level of Evidence (LoE) was used to assess each article. Results. There is an increasing interest in the application of SE in the evaluation of healthy and diseased tendons. Many different tendons are amenable for SE evaluation, such as the Achilles and patellar tendons, rotator cuff, common extensor tendons, quadriceps tendon, and the plantar fascia.
Introduction
Acute and chronic tendon disorders are nowadays an increasing issue, as the sport-active population is rising and the average life expectancy is progressively longer. The biology of tendons has been extensively studied over the past thirty years 1 , but information about the mechanical properties of tendons in vivo is still lacking, because the majority of the studies are conducted on animals or cadavers [2] [3] [4] . Palpation is the easiest tool to evaluate tissue quality, and it is still crucial in daily clinical practice. Despite that, tissue consistency, assessed by palpation, is subjective and related to the moment of the clinical examination. Conventional ultrasonography (US), or B-Mode US, converts the radiofrequency (RF) signal in a bi-dimension image, providing morphologic and structural data of the examined tissue, but cannot give complete information about its anatomo-pathological and biomechanical properties. Sonoelastography (SE) is a modified US; it is based on the principle that US signal coming from a structure in response to an external compression (mechanical or acoustic wave) is an indirect measurement of its biomechanical properties. Furthermore, each elastographic method differs from the others: shear wave uses shear velocity or shear modulus, which can be calculated from the velocity of the propagating wave; while quasi-static method uses strain or strain index (defined as the ratio between displacement of a target tissue and a reference tissue under probe compression). Data can be displayed in realtime on a screen (RTSE), promptly giving that information not available with other diagnostic tools. In the last twenty years, SE has gradually become popular, resulting helpful in the diagnosis and follow-up of several diseases, such as liver fibrosis, and lymph-nodes, and thyroid and breast neoplasms 5 . SE has also been applied in the musculoskeletal system to evaluate muscle elasticity, shoulder bursitis in polymyalgia rheumatica, and more recently, lateral epicondylitis, Achilles tendon, spondyloarthritis in patients with psoriasic arthritis, and rotator cuff disease 6 ). Despite the growing knowledge in this field, there is still a lack of consensus in the application of SE to detect tendon pathology. The aim of the current study is to provide a systematic review of the principles and clinical applications of RTSE in normal and pathological tendons.
Materials and methods
A literature search was conducted according to the Preferred Reporting Items for Systematic reviews and MetaAnalyses (PRISMA) guideline 7 . Objective of our research was to ascertain the current applications of SE in normal and pathological tendons.
Source of studies and search strategy During 1 st September 2017 we performed a systematic research of PubMed, Ovid and Cochrane Library electronic databases of articles assessing the association between real time SE and tendon disorders in human subjects. Search terms were tendinopathy, tendinitis, tendon, Achilles tendon, patellar tendon, rotator cuff, plantar fascia, plantar fascitis, epicondyle, epicondylitis, real time sonoelastography, elastography, real time elastography and sonoelstography. Mesh terms strategy was the following: (tendinopathy; OR tendinitis; OR tendon; OR achilles tendon; OR patellar tendon; OR rotator cuff; OR plantar fascia; OR epicondyle; OR epicondylitis) AND (real time sonoelastography; OR real time elastography; OR sonoelastography; OR elastography).
Study selection and eligibility criteria
Two Authors (FF and FL) performed the search and evaluated the articles independently. A third Author (SB) was involved to solve any disagreement. Each researcher reviewed the title and abstract of all the articles. Furthermore, the reference list of each article was screened in order to find any additional original articles. We excluded from our research all repeated articles, case reports, editorials, technical notes and review articles. Articles not in English, and basic science, preclinical and cadaver studies were also excluded. Reviewers used the Oxford Level of Evidence 8 (LoE) to assess each clinical article. The Oxford Level of Evidence is an easy and effective tool to evaluate the strength of results in research studies. This classification rapidly estimates the methodological quality of each article. According to this system, articles were classified from level 1 to 5, where higher LoE means better methodological quality and lower risk of bias. This article was conducted according to the ethical standards of the Journal 9 .
Results
Three hundred and eleven articles were identified through databases search. After duplication removal and study screening, 236 articles were selected. According to the inclusion and exclusion criteria, 60 fulltext articles were included (Fig. 1 ). Results were reported into different sections, according to anatomical regions.
Normal Achilles tendon
The Achilles tendon is the most studied musculoskeletal region with SE. Authors initially focused on the description of SE patterns in normal tendons, and then moved to pathological conditions. At the beginning, a chromatic scale was proposed to analyse healthy tendon properties (Fig. 2) 10 . Similarly, Dragonaki et al. 11 identified two different SE patterns in normal Achilles tendons. Type 1 (homogenously green/blue) pattern was observed in 38% of tendons, while type 2 (green with longitudinal red stripes) patter was reported in 62% of cases. Yamamoto et al. 12 observed 3 patterns: green/blue for grade 1; yellow for grade 2 and red for grade 3. While asymptomatic tendons showed a normal appearance on US in 97% of cases, only 63% of those had a type 1 pattern, the remaining were type 2. Subsequently, Arda et al. 13 reported on elasticity values of Achilles tendons using a numeric scale in healthy volunteers, with a mean of 51.5 ± 25.1 kPa as Young modulus. During aging, Achilles tendon exhibited an increased stiffness when compared to young adults 14, 15 ; however, other Authors did not find any correlation 16 . A positive correlation was found between tendon stiffness and BMI 17 ; results in smokers are controversial 17, 18 . SE was also adopted in detecting early modifications of Achilles tendons in athletes. In volleyball players, Achilles tendon showed increasing thickness and reduced stiffness in comparison with healthy volunteers with same age and body mass index (BMI), indicating a potential early tendon degeneration 19 . At the beginning of the season tendon abnormalities were observed in 54,2% of football players, despite all were asymptomatic. At the end of the season, 27.3% of them became symptomatic and all of them had SE abnormalities. Interestingly, asymptomatic patients with normal imaging at the beginning of the season did not develop tendinopathies or tendon ruptures 21 . Marathon runners had an increased tendon thickness, and intratendinous softening before the race compared with healthy volunteers. After the race, tendons showed reduction of tendon stiffness and increased Doppler signal. After 6 weeks, those changes spontaneously solved; however, 19% of runners developed tendon symptoms. Again, symptomatic patients already presented SE alterations at baseline, significantly related with pain 20 . After long term exercise, Achilles tendon stiffness was higher than that of infrequent exercisers on nondominant leg but not on dominant ankle 22 . Same results were confirmed after eccentric heel drop exercises 23 .
Real-time sonoelastography: principles and clinical applications in tendon disorders. A systematic review
The correlation between US and RTSE analysis in healthy Achilles tendons has been reported perfect (κ = 1) 10, 17 . Furthermore, the intra observer repeatability was reported as almost perfect, while inter observer repeatability was found to be moderate 12 to excellent 17 . However these results were denied by Payne et al., who reported poor reproducibility during same day and consecutive day measures especially with the changes of foot position 24 .
Achilles tendinopathy
Achilles tendinopathy is a common cause of morbidity and performance deficit among general population and athletes 25 . Early diagnosis allows to improve outcomes and to guide treatment. Patients suffering from Achilles tendinopathy showed the reduction of axial and compressive strain SE patterns, that seem to indicate an alteration of mechanical properties specific to the anatomical region affected by tendinopathy 26 .
In adjunct of qualitative analysis, Dirrichs et al. 27 28 . In those patients with symptomatic Achilles tendons but normal US appearance, SE was able to highlight very early changes in tissue elasticity, due to initial oedema and inflammation, usually missed at conventional US [27] [28] [29] [30] [31] . SE demonstrated high to excellent sensitivity, specificity and accuracy, and also a high agreement with US (k=0.81) and clinical examination (k=0.91) 28, 32 . Moreover, in patients with history of tendinopathy, but normal US appearance, SE recorded an higher number of tendon abnormalities than conventional US as areas of softening 31 . Sconfienza et al. 33 reported symptomatic tendons to be thicker, fragmented, and harder at tendon body portion. Both fragmentation and loss of fibrillar texture showed an inverse correlation with tendon thickness. Zhang et al. 34 reported similar results in chronic insertional tendinopathy, especially in patients with calcifications. Gatz et al. found SE to be more sensitive than conventional US and PD in the monitoring of tendon healing under therapy and positively correlated with symptoms improvement 35 .
Achilles tendon ruptures
Tan et al. 36 37 . Busilacchi et al. reported that percutaneously repaired tendons became stiffer over time, especially at myotendinous junction and at the site of the sutured lesion, resulting in a significantly higher stiffness than both the contralateral tendon and healthy volunteers. Peak of thickness occurred at 6 months, with a tendency to reduce at 1 year, but never achieving a normal value; while functional score gradually improved with return to previous sport activity 38 . Similar results were reported also after open repairs 39 .
Other pathologic conditions of the Achilles tendon
In patient with unilateral clubfoot, the affected tendons were stiffer than healthy controls 40 . On the opposite side, diabetic patients with foot ulcers had thicker but softer tendons than healthy controls and diabetic patients without foot ulcers 41. In patients affected by ankylosing spondylitis, tendon pain was higher in patients with areas of softening. In particular, the distal third was the most commonly affected site and it was commonly associated with both bone erosion and enthesis enlargement 15, 42 . Onal et al. reported that patients with acromegaly had thicker tendon than healthy subjects, especially in active phase of disease. SE analysis showed an equal distribution of hard and soft patterns, however the analysis revealed a prevalence of intermediate pattern 43 .
In patients with cerebral palsy, Achilles tendon resulted to be shorter and stiffer than healthy subjects, and a positive correlation was found between strain ratio, age, tendon length, and thickness 44 .
Patellar ad quadriceps tendons
Despite patellar tendon pathology is very common among athletes and amateur players, SE is still not widely used, and normal and pathological appearance is not well established. Porta et al. 45 defined the normal appearance of patellar tendon at SE as a predominance of green pattern at proximal, middle, and distal portions. However the colour scale of sonographer ranged from red to green (red is defined as hard and green as soft tissue), and these results are in contrast with other Authors that found normal tendon to be harder and tendinopathic tendons to be softer 27, 31, 32 46 . Patellar tendon stiffness was found to be higher in male than female as well as in patients with lower BMI than obese individuals 47 . An excellent intraobserver and interday reliability and a good interobserver reliability was reported in healthy volunteers 48 .
In volleyball players, patients with tendinopathy have softer tendons 28 , while asymptomatic players had harder tendons. Moreover, symptomatic tendons were also thicker and had lower clinical score 49 that closely correlated with SE values 27 . The combination of US and SE achieved higher sensitivity and accuracy, but a lower specificity than the combination of Doppler and US 49 . However, when SE was coupled with US and Doppler, the diagnostic accuracy reached 100% 27 . In symptomatic patients, sometimes, conventional US evaluation could show normal pattern, especially in the very first phases. In those cases, SE analysis could show some alterations as areas of softening, in more than 70% of cases 31 . In these cases, SE appeared to be a more sensitive tool to describe symptoms than Doppler and US 35 . After knee surgery (i.e. tibial osteotomy), patellar tendon showed biomechanical alterations, such as tissue contracture, increasing stiffness, and thickness than healthy tendons 50 . On the other hand, also when patellar tendon is directly involved [i.e. anterior cruciate ligament reconstruction with auto-graft bonepatellar-bone (BTB) technique], the tendon showed some alterations: decrease in strain index, along with thickening and shortening of the tendon compared with healthy contralateral sides 51 . Only few studies were found dealing with quadriceps tendon. Healthy volunteers had prevalence of hard characteristics 46 . Teber et al. 52 reported that normal quadriceps tendon patterns tended to change in case of chronic renal failure, in particular a substantial intratendinous softening occurred.
Shoulder
Arda et al. 13 reported the Young modulus of healthy supraspinatus tendons to be 31.2 ± 13 kPa, with higher values in males, and without any correlation with age. On the other hand, Baumer et al. found an increase of tendon stiffness with age 53 .
In collegiate swimmers, years of participation to competition were significantly related with tendon thickness, while tendon appeared softer year after year 54 . According to the Authors, this may be connected with the high prevalence of shoulder impingement and tendinopathy in swimmer athletes. Rotator cuff diseased tendons had soft appearance 28 that directly correlated with tendon degeneration at MRI 55 . Recently, a significant correlation were found between T2 value of MRI and SE, suggesting an improvement of quantitative evaluation of rotator cuff 56 . SE was able to find alterations in more than 80% of cases in symptomatic patients with normal US. In 88.4% of positive findings, rotator cuff tendons appeared stiff, and inflammation/oedema of the subacromial bursa and surrounding tissues were associated. Elastographic signs of biceps tendinopathy were reported only in 11.5% of patients 31 .
In case of shoulder impingement, supraspinatus tendons had higher strain index than healthy contralateral side 57 . Seo et al. reported on the appearance of biceps tendons at SE: normal tendon appeared blue/green, while tendinopathic soft tendons appeared yellow/red. Furthermore, a positive correlation with US was found. Inter-observer reliability of SE was almost perfect; while accuracy, sensibility and specificity were high 58 .
Tendon quality is one of the most important prognostic factors for surgeon performing rotator cuff repair. In case of small supraspinatus tears, several Authors 53, 59, 60 reported the torn tendons to be softer (mean strain index 0.75 ± 0.08) compared with the contralateral healthy shoulder (1.01 ± 0.07) (Figs. [3] [4] [5] . A negative correlation between strain index and pain, and a strong positive correlation with functional scores 59 was also reported. SE showed a good to very good intra and inter user and day by day repeatability 61 that could be very useful in the preoperative assessment of tendon quality 60 .
Common extensor origin
Healthy common extensor tendons had a hard structure in 94% of cases and mild softening only in 4% 62 . Healthy patients had higher values of Young modulus (176.2 +/-18.2 kPa) than patients affected by lateral epicondylitis (64.1 +/-29.3 kPa) and these findings positively correlated with functional scores 27 . In patients with symptomatic lateral epicondylitis, SE showed a hard pattern in 33% of tendons, and different grades of softening in 67%. Those patients had a significantly lower strain index in their common extensor tendon origins 63 , indicating that the symptomatic tendons were softer than asymptomatic ones 64 or had intermediate values 27 . Authors reported good correlation between SE and US and also a positive correlation with functional scores 27 . Furthermore, a better capability of SE in detecting early changes compared with US and Doppler was observed 35, 65 . The sensitivity of SE was 100%, the specificity 89%, and the accuracy 94%, with clinical examination as the reference standard 62 . Howev-er, another study reported that the combination of SE, US, and Doppler reached only 84% accuracy 27 .
In patients with symptomatic lateral epicondylitis and negative US findings, Galletti et al. 31 reported areas of softening at SE, representing signs of peritendinopathy and enthesitis. 
Plantar fascia
Healthy plantar fascia is homogeneously hard 66 , while it is soft in plantar fasciitis. Moreover, a correlation between age, pain, and SE was found, with a high interobserver reproducibility and higher accuracy for SE than US 66 . Softening of plantar fascia with ageing and fasciitis were also confirmed by Wu et al. 67, 68 . The Authors speculated that the loss of elasticity seemed directly related with plantar fasciitis not detectable with conventional US. On the other hand, the increased BMI induced lower fascia stiffness and high thickness 69 .
In symptomatic patients with normal US, SE was able to detect positive findings for plantar fasciitis in 72.2% of cases. In contrast with previous studies, the fascia was found homogeneously hard, probably because of anelastic tissue alteration. Tissue oedema and inflammation, were present in the surrounding tissues. However, in 27.7% of cases the results of SE were negative or inconclusive, despite the symptoms of the patients 31 . SE can be used to monitor treatment success. In patients with plantar fasciitis, the treatment with collagen injection induced SE changes with hardening of plantar fascia 70 .
Level of evidence
The systematic research of the literature did not provide any high LoE (I or II) experimental work. In most cases, articles reached LoE III as best result. Our research reported 66.67% (37/60) LoE III and 33.33% (23/60) LoE IV papers. LoE V were excluded from the research as an exclusion criterion. A resume of articles' major findings and LoE can be found in Table I .
Discussion
Nowadays, SE is still in a pioneering era in musculoskeletal tissues, however it appears to be a very useful tool for the diagnostic process in several soft tissues, with particular focus on tendons. The literature might be considered still poor, although the number of publications is rapidly increasing. Most of the articles included in this systematic review reveal a low LoE. Even if the results are promising, the absolute lack of randomized controlled trials (RCTs) does not allow making any definitive recommendations about the use of SE as gold standard diagnostic tool for tendon pathology. In addition, there are several types of SE such as shear wave, transient, or strain elastography. Despite these different methods, and the wide kind of results, all studies reported concordant and homogeneous results, with little variability 13, 17, 29, 32 . The little differences between results are probably based on nonhomogeneous populations investigated. None of these studies is taking in the account differences between chronic or acute tendinopathy. Several limitations should be acknowledged. The lack of RCTs exposes our analysis to some bias, such as low methodological quality, low number of patients, retrospective design, or lack of blinding. Moreover, SE is operator-dependent (like US) requiring a long learning curve. However, the diagnostic procedure demonstrated high performance of reproducibility 45 . This technology is nowadays in the hands of few specialized radiologists, who are trying to give a deeper interpretation to the data coming out from new studies. But, we foresee also a potential role in the daily practice of the orthopaedic surgeon and sports medicine specialist, either in the clinic (as diagnostic and follow-up tool), or in the operative room to assess the proper tension and elasticity of a tissue during surgery (i.e. Achilles tendon repair). In fact, we know very little about the in vivo implications of a proper tensioning applied by the surgeon on a tendon in the healing process. In this view, new clinical studies could reveal the content of one of the "black boxes" of musculoskeletal pathology. Several studies demonstrated SE is able to identify tendinous alterations in patients with clinical symptoms and negative US and colour Doppler. Despite these results, the role of SE as a predictive screening test for tendon rupture is still debated and the evidence is not sufficient. We are confident that future developments will be able to increase our ability in identifying tendon abnormalities and in predicting tendon ruptures, especially in athletes 27, 49, 58 . Similarly, many Authors agree that SE is a valuable tool in recognizing tendon abnormalities and in implementing the information available with US 17, 28, 31, 49, 62 . Surprisingly two recent cadaveric studies reported for the first time a total agreement between SE and histological findings, while US had a lower accuracy 71, 72 . SE was also able to detect tissue changes in symptomatic patients with normal US 31 , and to screen athletes at risk of developing symptoms during the season 21 . For these reasons, SE is considered a valuable tool to valuate "in vivo" and in a non-invasive way the biomechanical properties of various tendons 16 bypassing artefacts of surgical repair, such as tendons sutures 38 .
Conclusion
SE appears to be a very useful diagnostic tool, in particular on tendons. This is a dynamic examination, provides an immediate evaluation of the tissue elasticity, and may be useful in recognizing tendon abnormalities and in implementing the information available with conventional US. 
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